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DIFFUSION SOLDERING
A NEW LOW TEMPERATURE PROCESS
FOR JOINING CARAT GOLD JEWELLERY




Diffusion soldering is a hybrid of diffusion bonding and soldering.
The principle of the process is to run a minute volume of solder into a joint
between components that are pressed together and to solidify the solder by
conversion to high melting point phases through isothermal reaction with the
substrates. Thereafter the joint will not remelt unless heated to the
temperature at which the high melting point phases melt. Tin can be used to
make diffusion soldered joints between components of pure gold.
The objctive of the present study was to evaluate tin as a diffusion solder for
joining items of 18 carat golds, representative of alloys widely used in the
fabrication of jewellery. The permissible range of the process parameters have
been identified and a process specification has been developed. Joints can be
made by heating to 450 °C, which is substantially lower than the
temperature needed for brazing of jewellery using conventional carat filler
alloys. The resulting joints are colour matched and have mechanical
properties that are likely to be adequate for jewellery applications. Diffusion
soldering with tin has also been applied successfully to join 22 carat jewellery
and the new jewellery alloy of 990 gold.
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INTRODUCTION
Gold jewellery is traditionally manufactured by braz-
ing together a number of intricate components, fabri-
cated by casting or mechanical working, using the
so-called carat gold solders. For 18 carat gold jewellery,
these solders are alloys with a working temperature in
the range 700 to 820 °C [1]. The joining operations
are normally carried out in a belt furnace or with the
aid of a torch. Fluxes are used to promote wetting of
the components by the filler metal and thereby im-
prove flow.
The high temperatures involved in this type of
joining process are detrimental to the mechanical ro-
bustness of jewellery because carat gold alloys anneal
and soften rapidly when heated above about 450 °C.
Figure 1 shows how the mechanical properties, in this
case hardness, of an 18 carat yellow gold (type 750-
Y-3), in the Gold-rolled condition, are degraded by the
effect of heat-treatments at two temperatures. All of
the cold-worked strength is removed by heating for
more than a few seconds to typical brazing tempera-
tures. The necessity to use high temperatures also in-
creases the process complexity and results in staining
and discolouration of the jewellery through oxidation.
The blemishing then has to be removed in special
finishing operations.
Clearly, there is a widespread need by the jewellery
industry for new, low temperature, joining processes
for 18 and higher carat golds and this consideration
was the driving force behind the development de-
scribed in this article.
jOINING PROCESS SELECTION
The requirements of a joining process for carat gold
jewellery are that it must:
— utilise a feller with a gold concentration that satis-
fies the appropriate hall-marking classification:
75 wt.% for 18 carat gold, 92 wt.% for 22 carat
gold and 99 wt.% for 990 gold,
— be colour matched to the jewellery alloy, at least in
the standard yellow hues, for aesthetic considera-
tions,
— be useable at sufficiently low temperatures so that
the joining may take place with-
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Annealing charateristics of 18 carat yellow gold, in the cold-rolled
condition on heat-treatment at 450 and 750°C
dation ot the jewellery,
— have good joint filling char-
acteristics, again for aesthetic
reasons and also in order to
maximise the strength of
joints,
— have adequate mechanical
properties, especially shear
strength and resistance to
peel failure, these being the
primary modes ofstressing ex-
perienced by jewellery items.
A review of the established gold
joining technologies used in
both the jewellery and engineer-
ing industries quickly showed
that the processes currently avail-
able are not capable of meeting
all of these objectives simultane-
ously and a new approach had to
be tried, as explained below.
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EXISTING GOLD JOINING PROCESSES AND
THEIR LIMITATIONS
Carat Gold Solders
As discussed above, the high working temperature of
the carat gold solders degrades the robustness of jew-
ellery.
Engineering Gold Solders
Gold is unusual in that it is the only metal on which
both brazes and solders are based, i.e. this element is












gold solders used in engineering applications are based
on the following binary eutectic compositions:
Au-Si eutectic point Au-3 wt.% Si 363 °C
Au-Ge eutectic point Au-12 wt.% Ge 361 °C
Au-Sb eutectic point Au-26 wt.% Sb 356 °C
Au-Sn eutectic point Au-20 wt.% Sn 278 °C
The gold-bearing solders are all gold-rich compositions
which fortuitously meet the minimum hall-marking
specification for 18 carat gold, as they contain at least
75 wt.% gold and gold-silicon solders potentially could
also be used with 22 carat jewellery. Furthermore, they
are intrinsically compatible with joining to gold jew-
ellery due to the relatively high slope of the liquidus
phase boundaiy between the various eutectic points and
pure gold. In theory this characteristic
should help ensure minimal substrate ero-
sion by the molten solder and result in
good penetration into long narrow joints.
However, of the gold-bearing solders
only the gold-silicon and gold-germa-
nium alloys possess a golden hue. The
others are all silvery or metallic grey in
colour. Only the gold-rich composition
Au-2 wt.% Si is available commercially
as solder preforms because alloys which
contain higher levels of silicon are too
brittle to permit their reduction to foil
and wire by mechanical working. An ad-
ditional problem is that molten gold-sili-
con alloys have high viscosity and do not
flow readily, even when aggressive fluxes
are used and this property makes them






Schelnatic illustration of the steps involved in making a diffusion
solderedjoint
Gold-to-gold diffusion bonding has the
advantage of offering 'seamless' high
caratage joints at process temperatures as
low as 100 °C. It is also an entirely fluxless
process [3]. However, gold diffusion
bonding requires subjecting the compo-
nents being joined to high compressive
stresses, rypically 10 to 100 MPa, for ex-
tended periods, usually several hours or
more. This type of process is highly un-
suitable for most articles of jewellery.
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They would be unable to withstand these conditions
without mechanical distortion. Furthermore, to make
a diffusion bond it is necessary to ensure that the joint
surfaces are scrupulously clean and exceptionally close
fitting which would greatly add to manufacturing costs.
AN ALTERNATIVE APPROACH:
DIFFUSION SOLDERING
An alternative low temperature joining method is
diffusion soldering. As the name suggests, this is an
isothermal joining method which combines features
of conventional soldering and diffusion bonding
processes and is often fluxless. Ir is possible to de-
sign processes of this type that combine the good
joint filling and degree of tolerance to surface prepa-
ration which characterises conventional soldering
and brazing, together with the flexibility with regard
to joint homogeneity that is available from diffusion
bonding.
Making a diffusion soldered joint involves plating
a thin layer of solder between the components to be
joined and heating the assembly to a temperature
above the melting point of the solder. By judicious
choice of the combination of solder and substrate,
their relative thicknesses and the processing condi-
tions, the solder can be made to react with the sub-
strates to form phases which are solid at the joining
temperature, within realistic time-scales. The se-
quence of steps involveci in making a diffusion sol-
dered joint is illustrated schematically in Figure 2.
Other advantages of this type of joining process are:
— The necessary applied pressures are much lower
than those required for diffusion bonding, mere-
ly enough to force the faying surfaces together,
and are typically 0.2 to 2 MPa for jewellery ap-
plications.
— Exceptionally good joint filling can be achieved,
even over large areas.
— The joints are very thin, usually less than 5 pm,
which benefits the mechanical properties and is
important when the filler alloy is a solder.
— Crisp joint edges can be achieved, with controlled
sizes of fillets which can vary from essentially
non-existent to similar to those of a conventional
brazed joint.
The first two of these features derive from the
generation of liquid in the joint during the joining
process while the second pair are a consequence of the
volume of filler metal being smaller and more pre-
cisely controlled than in conventional filler metal join-
ing.
Several diffusion brazing and diffusion soldering
processes have been developed, a review of which is
given by Jacobson and Humpston [4]. Likewise, the
underlying physical metallurgy of such processes has
been extensively studied by experiment and mathe-
matical modelling [5, 61.
A study was undertaken to assess the feasibility of
diffusion soldering to gold. If the results proved en-
couraging, it was then planned to develop the process
for 18 carat gold, which is the largest single market
for gold jewellety, followed by 22 carat alloys and the
new 990 gold [7].
CANDIDATE DIFFUSION SOLDERING
SYSTEMS
Five low melting point metals form the basis of com-
mon solder alloys, namely:
— Gallium	 melting point	 30 °C
— Indium
	
melting point	 157 °C
— Tin	 melting point	 232 °C
— Bismuth	 melting point	 271 °C
— Lead	 melting point	 328 °C
These metals were considered in turn for making dif-
fusion soldered joints to gold.
In expetimental investigations it was found that
gallium and indium were unsuitable, in these cases
owing to the formation of brittle intermetallic phases
with gold and weak interfaces between such phases.
Bismuth was excluded from consideration because
it is a hard, brittle metal and cannot be readily depos-
ited onto substrates by wet plating methods. Only
wet plating was considered viable as a technique for
applying layers of solder metals several microns thick
onto jewellery components.
Lead was dismissed on account of the environ-
mental and health hazards associated with its use. This
left tin as the only obvious candidate metal.












Í idg	 6,1	 - 2311.9?. °C
27C
The gold-tin phase diagram, which is reproduced
in Figure 3, shows that motten tin reacts with gold to
form several intermetallic compounds. It is welt estab-
lished that the tin-rich compounds are hard and brit-
de and form weak interfaces with other phases [8].
Whenever tin-based solders are used for joining gold-
difficult to remove from a joint by diffusion within
realistic time-stales. Accordingly, a low temperature
diffusion soldering process based on this system has to
be ruled out. However, consideration of the gold-tin
phase diagram shows that provided the joining tempera-
ture exceeds 419 °C, the tin-rich phases wilt melt, so
Figure 3
The Au-Sn phase 6
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coated components, precautions should be taken to
restrict the formation of these phases because they can
have a catastrophic effect on the mechanical properties
of joints [10].
Measurements were made in order to establish the
kinetics of reaction between motten tin and gold using
apparatus and an experimental procedure similar to
that described by Evans and Denner [11]. The results,
which are presented in Figure 4, clearly demonstrate
the verg high rate of reaction between tin and gold
and also its temperature dependence, as has been re-
ported elsewhere [12]. This behaviour is consistent
with the shallow slope of the liquidus boundary, that
ascends towards the intermetallic compound AuSn,
on the tin-rich side of the gold-tin phase diagram.
The tin-rich gold-tin intermetallic compounds
are relatively stable and, once formed, would be
WeLj1 it percent tin
that the product of reaction wilt then be the formation
of the gold-rich intermetallic compound based on
Au5Sn. Not only does this phase contain approximately
90 wt.% gold and therefore amply meet the caratage
requirements for 18 carat jewellery hut, because the
phase exists over a range of composition, it is likely to
possess reasonable mechanical properties [13].
The first series of bonding trials was carried out
using topper coupons electroplated with a layer of gold
10 µ.m thick. These test pieces had the advantage of
being sufficiently cheap to enable the new process to
be developed in a systematic series of experiments.
Over the gold plating, a layer of tin was applied, also
by electroplating, in a range of thicknesses. To make
a diffusion soldered joint, pairs of coated substrates
were placed in contact, inserted into a nitrogen atmos-
phere furnace and a compressive stress of 5 MPa
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Figure 4







applied. The temperature of the furnace was then
raised to 450 °C and maintained for 15 minutes be-
fore cooling back to room temperature.
The resulting joints were well filled, strong and
reasonably ductile, but lighter in colour than the pure
gold electroplate. By extending the dwell time at the
bonding temperature it was found to be possible to
promote sufficient diffusion to eliminate the colour
difference.
During the period in which this work was being
carried out, a paper appeared in the technical litera-
ture which lent encouragement to the diffusion sol-
dering process being investigated. In this article, a
research group at the University of California, Irvine,
described a bonding process in which layers of gold,
tin, and again gold of prescribed thickness are evapo-
rated onto semiconductor dies [14]. By raising the
temperature to 260 °C, the tin melts and reacts with
the gold to form the gold-rich gold-tin eutectic. This
is essentially the same diffusion soldering process, al-
beit in a different configuration, and was proposed by
the American authors as a lower temperature alterna-
tive to the pre-placement of Au-20 wt.% Sn eutectic
foil preforms which are widely used in the electronics
industry. Here, the layer of tin is a mere 2 tm thick,
which is only possible because the component surfaces
have mirror finishes. Another difference with the pro-
cess for gold jewellery is that the end phases of the re-
action are Au5Sn and AuSn which bound the eutectic
reaction, rather than gold solid solution. A further
publication by the same group
furnishes comprehensive ther- 
modynamic and kinetic reaction
data for the gold-rich portion	 —
of the gold-tin system [15].
The encouraging results of
the bonding trials described 	 24.5Po
above and the supporting in-	 ;
formation emerging in the lit-	 .so
erature prompted a study to
establish whether the diffusion 	 Ci
soldering process would oper-
ate successfully with 18 carat	 'i	 y
and other jewellery alloys and
to determine suitable process
conditions and their tolerante
to variation. The mechanical	 Erosion ofg
integrity of the joints formed
was also examined and compared with that obtainable
in conventional soldered and diffusion bonded joints.
DIFFUSION SOLDERING
18 CARAT GOLD USING TIN
In order to further develop the diffusion soldering
process using tin as the Bolder, for application to 18
carat jewellery, the aspects that needed to be addressed
were as follows:
— Caratage limits of jewellery alloys for this process
— Temperature limits on the process.
— Thickness of the tin layer as a process parameter.
— Effect of heating/cooling rates and heating dura-
tion on joint quality.
— Minimum applied pressure for bonding to take
place.
— Colour matching of the joints.
— Mechanical properties of joints made under opti-
mised process conditions.
The work undertaken to charactetise these variables
is described below. Based on these trials, which were
successful, process specifications for the production of
diffusion soldered joints to 18 and 22 carat gold and
allo 990 gold were formulated and are given in the
appendix on page 103.
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Figure 5
Solidus projection of the AgAu-Cu phase d
The figure shows projection on the room temperatu
ternary phase diagram of the solid state boun
immiscibility field at several temperatures; a
ESTABLISHMENT OF A
ViABLE PROCESS
The following aspects were evaluated in relation to the
bonding process:
CARATAGE OF THE GOLD SUBSTRATES
As noted in the previous section, the initial stage in the
evaluation of the gold-tin diffusion soldering process
was carried out using test pieces having surfaces of pure
gold. The majority of gold jewellery is 18 carat yellow
gold, designation 750Y-3, i.e. of composition 75 Au-
12.5 Ag-12.5 Cu (wt.%) [16]. Accordingly, full char-
acterisation and optimisation of the process was car-
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ried out using sheets of this alloy as substrate. (It has
subsequently been shown to be also applicable to all
18 carat yellow golds, including the zinc-containing
formulations.)
No changes to the parameters of the diffusion
soldering process were required as a result of the switch
to 18 carat yellow gold substrates in place of pure gold.
This is to be expected from consideration of the gold-
silver-topper phase diagram, the solidus projection of
which is given in Figure 5. It can be seen from the
phase diagram that topper and silver form a solid
solution with gold provided that the gold concentra-
tion is higher than 70 wt.%, at 450 °C. This tempera-
ture is the optimum for carrying out diffusion solder-
ing using the gold-tin system, as determined in this
study (see below). In other words, the constitutional
data confirmed that the presente of topper and silver
in the alloy does not signifi-
cantly affect the metallurgical
characteristics of the joints
provided that the substraten
are more noble than 17 carat.
Therefore the tin-based diffu-
sion soldering process devel-
oped is also metallurgically
suitable for 22 carat and 990
gold jewellery.
At the diffusion soldering
temperature of 450 °C the
gold-silver-copper phase dia-
gram shows that jewellery al-
	
. °	 loys of lower caratage have a
duplex microstructure, con-
• sisting of silver-gold and cop-
per-gold solid solutions. Cop-
per-gold solid solutions are
not compatible with tin fller
alloys because extensive Kir
kendall voids foren during the
a : ^p alloying process, which would
greatly weaken the joints.
Only by applying extremely
high compressive stresses to
the assembly during the heat-
iagram.	 ing cycle can this phenome-
re plane of the	 non be suppressed [18], which




96	 i ' Gold Bull., 1993, 26 (3)
PROCESS TEMPERATURE LIMITS
The minimum permissible process temperature can be
deduced from the phase relationships between gold
and tin, because the silver and copper constituents of
the jewellery alloy are in solid solution in the gold
above about 375 °C. It can be seen from the gold-tin
phase diagram, which is given in Figure 3, that in
order to prevent the formation of the tin-rich inter-
metallic compounds the assembly must be heated
above 419 °C. Then, the tin will react with the gold to
form, initially, Au5Sn. As this phase contains approxi-
mately 90 wt.% gold it meets the caratage require-
ments of a joint in 18 carat jewellery. It is desirable in
any implementation of the diffusion soldering process
to use a temperature slightly above the minimum value
in order to ensure that all of the joint region exceeds
419 °C, allowing for errors in temperature calibration
and the presence of thermal gradients in the assembly.
The maximum process temperature is fixed by the
need to limit softening of the gold jewellery due to
annealing and grain growth. From the data of anneal-
ing characteristics of cold-worked 18 carat gold
given in Figure 1 it can be seen that for a ten minute
heating cycle, the recrystallisation onset temperature,
above which the alloy rapidly softens, is approximately
450 °C. It is therefore desirable that the maximum
temperawre for the gold- tin diffusion soldering proc-
ess does not exceed 450 °C. Because, as will be shown
below, the diffusion soldering takes about one hour to
complete, some annealing of the substrates will have
occurred during the heating cycle. However, the ex-
tent of the softening is small by comparison with that
caused by joining of 18 carat gold jewellery items at
750 °C, using a conventional carat gold solden.
Although similar reasoning means that the same
maximum recommended process temperature applies
also to 22 carat gold, the same is not true for 990
gold. The metallurgy of 990 gold differs from that of
conventional carat jewellery alloys and the mechanica)
properties are actually improved by heat-treatment for
one hour at 500 °C, provided that the alloy has been
previously solution-treated [7]. Thus, diffusion sol-
dering using tin offers the prospect of carrying out the
precipitation heat-treatment of 990 gold jewellery si-
multaneously with joining it. For economic reasons,
the recommended process temperature for diffusion
soldering of 990 gold is therefore 500 °C.
THICKNESS OF THE
TIN ELECTROPLATE
A diffusion soldering process functions by converting
all of the low melting point phases to more stable
phases by diffusion through heating. Thus, the opti-
mum thickness of the solder layer is that which generates
sufficient liquid to completely fill the joint gap but yet
can be removed rapidly at the process temperature by
diffusion. To a limited extent, the minimum volume
of solder required is also dictated by the rate of heating
to the process temperature because some diffusion of
tin into gold will take place while the solder is being
heated to its melting point. The minimum heating
rate used in the trials was 10 °C/min which, being a
relatively low rate, can be taken as representative of a
worst-case condition for an industrial process.
A series of 18 carat test pieces was prepared, the
test pieces being coated with a layer of tin between 1
and 20 µm thick and bonded to matching substrates
using identical process conditions. As a result of this
trial, it was established that the minimum thickness
of the tin layer is strongly dependent on the joint gap.
But, given that a compressive stress is applied to min-
imise the joint gap, a 3 to 4 µm thick layer of tin is
generally sufficient to ensure complete joint filling
and the production of small edge fillets.
DURATION OF THE PROCESS CYCLE
The duration of a diffusion soldering process cycle is
substantially longer than that needed in a conventional
soldering process. This is because of the need to ho-
mogenise the joint by diffusion. The time needed to
achieve homogenisation of a gold-tin diffusion sol-
dered joint is dependent on the race of diffusion of tin
into gold, which is controlled by the temperature and
time of the heat-treatment and the volume of tin i.e.
the thickness of the tin layer. Unduly long homogen-
isation heat-treatments are clearly undesirable in a com-
mercial manufacturing context, because they impose
tost penalties and reduce throughput. They also lead
to a marked softening of the jewellery items, which
then necessitares a further cycle of heat-treatment to
restore the hardness. A criterion which limits the
minimum length of the heat-treatment period is that
sufficient diffusion of tin out of the joint must take
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place so that the hue of the joints is indistinguishable
from that of the jewellery items, for aesthetic reasons.
The colour matching of the joints was observed
visually by comparing metallographic sections against
reference standards of 18 carat gold sheet. The test
pieces and the reference standards were prepared by
polishing with 0.3 .m diameter alumina powder em-
bedded in a soft cloth. This procedure removed extra-
neous surface films and helped to ensure, as far as
possible, that interpretation of the observed features
was not clouded by spurious detail.
With the diffusion soldering process temperature
fixed at 450 °C and the tin thickness at 4 gm, system-
atic trials were carried out to follow the colour change
as a function of the heating cycle duration as the tin
diffused into the gold. It was observed that the joints
did not differ significantly in hue from the substraten
provided that the dweil time at 450 °C was of the
order of one hour.
COMPRESS!VE STRESS APPL!ED
DUR!NG THE BONDING CYCLE
In order to ensure complete joint filling with the small
volume of solder available in a diffusion soldering
process it is necessary for the faying surfaces to be
pressed together while the solder is molten. In appli-
cations such as ring sizing, the natura! springiness of
the jewellery will produce the desired effect. For other
styles of joint, the compressive stress applied to the
joint must be sufficient to elastically deform the com-
ponents and force the abutting components info inti-
mate contact.
No data for the elastic modulus of 18 carat gold in
the cold worked condition could be found in the
published literature. The data necessary for calculat-
ing this parameter were obtained by conducting a
tensile test on a 200 µm thick sheet using a strain rare
of 10 mm/min. The calculated Young's modulus is
60 GPa. Accordingly, a compressive stress of 1 MPa
(equal to a 100 g load acting on a lmm 2 area) is more
than adequate for achieving well-filled joints in 18
carat gold sheet, in the cold-worked condition.
EVALUATION OF THE JOINTS
joints were made using the optimised process condi-
tions and then subjected to a range of homogenisa-
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METALLOGRAPHIC EXAMINATION
Joints were metallographically examined after bond-
i g. After polishing, the microstructure of the joints
was revealed by etching them in a dilute solution of
potassium iodide in potassium cyanide.
Micrographs of longitudinal sections through
joints made with 4 µm of tin are shown in Fig-
ures 6, 7 and 8. As bonded (Fig. 6), the substrate al-
loy shows a fine wrought grain structure and the joint
is evident as a central band of lighter hue. No other
phases can be discerned in the joint region, from
which it is concluded that the tin has diffused into
the gold alloy substrates to form the gold-rich
phase Au5Sn. A small fillet has formed at the edge of
the joint. To the naked eye, the joints appeared to
be lighter in hue than the gold substrates so that
further heat-treatment to reduce the local concentra-
tion of tin is necessary.
Following the recommended homogenisation
heat-treatment of one hour at 450 °C, the joints
are largely homogeneous with the substrates, as can
be seen in Figure 7. The colour matching with the
substrates is then excellent. A joint given an ex-
tended heat-treatment of 60 hours at 450 °C is
shown in Figure 8. In addition to very significant
grain growth in the jewellery alloy there is some
evidente of voids in the joint centre line. Because the
tin was applied to only one of the component sur-
faces, it would appear that these voids are being
formed by a Kirkendall mechanism, presumably asso-
ciated with the presente of topper in the jewellery
alloy. Therefore, there is a good reason for restrict-
ing the homogenisation heat-treatment time to
about one hour. Furthermore, as discussed above,
there is no benefit, from the point of view of colour
matching, in conrinuing the heat-treatment for Jonger
periods.
MECHANICAL PROPERTIES OF JOINTS
The strength of joints made using the optimised proc-
ess conditions was assessed in shear and peel because
it was considered that these modes of stressing are
most relevant to articles of jewellery.
The shear strength of joints was assessed by pre-
paring single lap joints and appl.ying tensile loading,
in a universal testing machine at a cross-head speed
of 10 mm/min, until failure occurred.
Different test piece configurations were used as
specified in Table 1.
Altogether, nine single lap joints were prepared in
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made to 18 carat
yellow gold with
4 microns of tin as the
solden fillowing
heat-treatment at
450 ° Cfor 60 hours
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given in Table 1. The test pieces failed either in the
machine grips or the substrate, but always outside of
the joint. The substrate failure stress in tension is in
close agreement with published values for the ultimate
tensile stress (UTS) of 18 carat gold [16]. This means
that the joints are capable of supporting a shear stress
of at least 60 MPa, which approaches the stress at which
joints made to copper components using the industry
standard, eutectic lead-tin solder, fail in shear [19]: they
may welf be substantially stronger. To subject diffusion
soldered joints to shear stresses that are closer to the failure
stress of the parent material requires much langer 18 carat
gold test pieces than those used in the current study
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For the peel tests, T-shaped test pieces were pre-
pared using 200 µm thick sheet with joint dimensions
of close to 10 x 10 mm. These were then torn apart in
a controlled manner using a universal testing machine
at a cross-head speed of 10 mm/min. The tests were sub-
sequently repeated but using a slower straining rate
of 1 mm/min and with the joint width decreased to
approximately 3 mm. The measured peel strengths of
nine joints are given in Table 2. The load per unit
joint width required to initiate peel is approxirnately
20 Nm-1 , and is frequently much higher. This value is
more than double that measured for lead-tin eutectic
joints to copper (9 Nm-1 ) [ 19, 20], but close to that
of diffusion bonded joints to aluminium (21 Nm 1 )
used in the aviation industry [21]. It is therefore rea-
sonable to assume that the strength and resistance to
peel of diffusion soldered joints made with tin is likely
to be adequate for jewellery applications.
PRACTICAL APPLICATION OF THE
PROCESS
Initial trials to apply the new joining process to jew-
ellery fabrication have been carried out, involving an
18 carat gold bracelet and matching ear-ring set [22].
Figure 9 shows the earrings and a part of the bracelet,
with components of one link of the bracelet in order
to indicate the construction. After assembly the joints
are practically invisible. Crisp joint edges were
achieved and the finishing operations required were
simpler than those needed for brazed jewellery. The
jewellery design was commissioned by the World
Gold Council from County Classics (of Hatton Gar-
den, London) and first shown publicly on the `New
Technology' stand of the World Gold Council at the
World Jewellery Trade Fair held in Basel 1992.
The trials provided a convincing demonstration
that the diffusion soldering process is practicable and
suitable for application to complex designs and shapes
in 18 carat gold. The encouraging results obtained
provide an incentive for progressing towards further
refinement and commercial exploitation of the process.
Accordingly, two further aspects were addressed,
namely improving the ease of introducing the solder
into the joint and developing a flux so that joints could
be made in air using either a torch or a simple furnace.
SOLDER PREFORMS
Selectively electroplating the regions of jewellery items
to be joined with a thin and highly uniform layer of
tin requires investment of capital in the electroplating
Sample
number
Joint width (mm)joïnt length (mm) Failureload, N Failureposition
Peel
strength,
N peé grimjoint width,
(Nmm`1)
10.8I x 20.0 152 in joint 14.1
2 1050 x 20.0 176 " 168
3 10.05 . x 2ó.Ó 277 27.6
4 3.40 x 20.0 155 in substrat > 45.6:
5 3 37 x 20,0 132 >39.2
6 347x20.0 133 >38..3
7 3.37 x 20.0 59 in joint 17.5
8 365 x 200 115 in substrate > 31.5
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plant and not inconsiderable expertise to carry out. A
more practical method of introducing the solder into
the joint region is as a foil preform which could be
made commercially available by suppliers. Because a
tin foil a few microns thick is too fragile to be handled,
the tin is electrodeposited on to an annealed gold foil
about 75 tm thick which acts as a carrier. The carrier
is coated with tin on both sides so that two joints are
made simultaneously in the diffusion soldering cycle.
By making the carrier foil
from an alloy that is slightly
more gold-rich than the
caratage of the jewellery al-
loy it is possible to compen-
sate for the small addition
of tin to the jewellery item
and thereby guarantee that
it will meet the caratage
standard absolutely.
FLUXED JOINING IN AIR
The majority of jewellery
fabrication is carried out in
air. To malse a diffusion sol-
dered joint in air it is neces-
sary to use a flux. The role
of this flux is to prevent the
oxidation of the tin, while
the solder is molten and
also to remove tarnishing
from the surfaces of the
abutting carat gold com- Parts of anponents. Ideally, the flux
should be formulated so
that any excess and the flux residues volatilise on heat-
treatment at 450 °C. Then special post-joining clean-
ing procedures are not required. Fluxes that fulfil these
requirements are available commercially in a range of
forms, e.g. ARA)( liquid flux, made by Multicore
Solders Ltd., Hemel Hempstead, UK.
A diffusion soldered joint can be made in air by
first dipping the solder foil preform in the liquid flux
prior to inserting it into the joint gap. The assembly
is then heated to about 250 °C, at which temperature
the flux is chemically active and aids wetting of the joint
surfaces by the molten tin. In a belt furnace the work
can then pass through to a second hotter zone where
the temperature should exceed 420 °C, in order to
remove the low melting point tin-rich phases from the
joint gap and homogenise the microstructure. Experi-
ments showed that once the solder had melted, flowed,
filled the joint and isothermally solidified — which is
achieved within a few tens of seconds at 250 °C — the
jewellery could be removed from the bonding jig and
the homogenisation heat-treatment completed sub-
sequently without the application of compressive
stress to the joint.
This means that individual jewellery items could
be assembled rapidly with the aid of a torch and the
heat-treatment of the bonded items completed sub-
sequently in batches in a simple muffle furnace.
A point to be aware of when adopting this ap-
proach is that until the tin-rich phases have been
eliminated by diffusion the joints are brittle and weck
and any handling must be done with care. Full me-
chanical properties are not attained until the heat-
treatment at 450 °C has been completed.
Figure 9
18 carat gold bracelet and matching ear-ring set assembled by the new
diffusion solderingprocess at 450 °C (x 1)
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CONCLUSIONS
Diffusion soldering of 18 carat yellow gold alloys us-
ing pure tin as the filter metal has been evaluated and
found to be practicable. The influence of process vari-
ables on joint quality has been investigated and this
has enabled a provisional process specification to be
devised, which is presented in the appendix. The proc-
ess can also be used to join 22 carat and 990 gold
jewellery.
The mechanica) properties of diffusion soldered
joints have been measured in overlap shear and in
peel. The strength of the joints was greater than that
of the sheets of 18 carat gold used as the test pieces
and is therefore lilcely to be sufficiently robust for
jewellery applications.
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APPENDIX
Process conditions for diffusion soldering 18 carat gold using tin solder
Caratage of the jewellery alloy: 18 and 22 carat, all yellow hues, plus 990 gold
Preform: 75 µm Chick annealed foil of appropriate caratage, coated
on both sides with 3-4 pm of bright tin electroplate
Minimum heating rate from
room temperature to the process
temperature: 10 °C/min
Process temperature: 435 ± 15 °C; 500 ± 10 °C recommended for 990 gold, to
be compatible with the precipitation heat-treatment
Process atmosphere: either:	 inert gas (e.g. argon, nitrogen) or vacuum (< 1 mPa);
oxygen level < 10 ppm
or:	 air using a suitable flux (e.g. ARAX liquid from
Multicore Solders, Hemel Hempstead, UK)
Compressive stress applied during
the bonding cycle:
Minimum time at the process





Sufficient to force the faying surfaces into intimate contact
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